This review is focused on the analysis and evaluation of efficacy of antioxidants in frying. Specific aspects of the action of natural and synthetic antioxidants at high temperature are discussed, and the most important methods used for the analysis of antioxidants and their efficacy are described. The action of antioxidants is well known under room temperature conditions during storage or at the moderate temperatures of the accelerated tests used to measure the oil stability. However, under frying conditions, involving oxidative and thermal reactions, evaluation of antioxidant efficacy is far more complicated. The application of antioxidants at the high temperature of frying requires special considerations, especially those based on stability and volatility. Also, the need for development of standardized methods to analyze natural antioxidants of potential use as additives, especially polyphenols present in plant extracts, stands out.
INTRODUCTION
Frying is one of the most commonly used cooking procedures in household, restaurants, fast-food outlets and food industry. During frying, numerous reactions due to the action of oxygen, high temperature and the water released by the food occur giving rise to oxidation, hydrolysis, polymerization, cyclization and isomerization of especially the main oil constituents, i.e. triacylglycerols [1, 2] . At the high temperatures of frying, alkyl and alkoxyl radicals are more abundant than the alkyl peroxyl radicals formed in the propagation stage. This fact together with the more rapid decomposition of hydroperoxides results in formation of polymers with carbon-carbon or carbon-oxygencarbon linkages from the very early stages of heating. A high variety of products of different polarity, stability and molecular weight are formed during the complex process of frying, including triacylglycerol dimers and polymers, oxidized triacylglycerols and volatile compounds. It is well-known that the best methods to evaluate frying degradation are the determination of polar compounds [3] and the determination of polymers [4] , which provide the total content of the new compounds formed and the levels of polymers, respectively. Maximum levels of 25% polar compounds or 16% polymers have been established as the upper limits of oil degradation for human consumption by most countries adopting regulations on frying fats and oils [5] .
Antioxidants naturally occurring in oils and those added to frying oils play a prominent role in their protection against thermal and oxidative deterioration and hence in the manufacture of high quality fried products. Primary or chain-breaking antioxidants mainly act as hydrogen donors, reacting with the alkyl and alkyl-peroxyl radicals.
Phenolic compounds including either naturally ocurring tocopherols, tocotrienols and polyphenols or synthetic antioxidants such as butylated hydroxytoluene (BHT), butylated hydroxyanisol (BHA) and tertiary butyl hydroquinone (TBHQ) stand out.
Compounds of synergic action, such as citric acid and ascorbyl palmitate, are normally metal quelators or regenerators of primary antioxidants. The action of antioxidants is well known under room temperature conditions during storage or at the moderate temperatures of accelerated tests used to measure oil stability. However, under frying conditions, involving oxidative and thermal reactions, evaluation of antioxidant efficacy is far more complicated [1, [6] [7] [8] [9] [10] [11] [12] .
This review is focused on the analysis and evaluation of efficacy of antioxidants in frying. Specific aspects of the action of natural and synthetic antioxidants at high temperature are discussed, and the most important methods used for the analysis of antioxidants acting in frying and the evaluation of their efficacy are described.
ANTIOXIDANTS IN FRYING
In this section, the main antioxidants in frying oils either naturally occurring or added to improve the oil stability are described. Two groups can be differentiated, i.e., natural and synthetic antioxidants.
Natural antioxidants

Tocochromanols (tocopherols and tocotrienols)
Tocochromanols or, more generally, vitamin E, represent a family of natural, structurally related compounds known as tocopherols and tocotrienols. Tocopherols are the main naturally occurring antioxidants in edible oils and are also used as additives in frying oils to improve their oxidative stability. In Europe, α-, γ-and δ-tocopherol are used as additives, coded E307, E308 and E309, respectively, and a tocopherol-rich mixture is also permitted as additive (E306) [13] .
A mechanism dependent on temperature seems to be involved in tocopherols action [14] since the loss of tocopherol under frying conditions is, in general, relatively to oil degradation, more rapid as the degree of oil unsaturation decreases [15] [16] [17] [18] [19] , while the opposite is found at lower temperatures, from ambient temperatures up to 100ºC [20, 21] . Therefore accelerated tests at moderate temperatures or under the conditions of the Rancimat test may be useful to predict the relative oxidation behavior of different oils and fats, but not indicative of their frying performance.
Additionally, it has been found that the amounts of polymers and polar compounds at the point of tocopherol exhaustion were significantly lower in monounsaturated oils compared to polyunsaturated oils [17, 18, 22, 23] . These results have been reported in different studies either in model systems [24] or oils [25, 26] . Since monounsaturated oils become unprotected at levels of polar compounds much lower than the limit established in official regulations, products fried in monounsaturated oils may be more susceptible to oxidation during storage [27] . Figure 1 reflects the different behavior of tocopherols at frying temperature in conventional or high-linoleic (HLSO) and high-oleic sunflower oil (HOSO) with similar tocopherol content and composition, constituting α-tocopherol more than 95% of total tocopherol [23] . Apart from the expected higher polymerization of the tocopherolstripped oils as compared to their counterparts, the most important finding was that not only the loss of tocopherols was more rapid in the less unsaturated oil (HOSO), but also tocopherols were exhausted at lower oil degradation. It has been reported that tocopherols have a very low volatility at frying temperature and hence their rapid loss is due to their degradation. In this respect, the formation of γ-tocopherolquinone, 4γ,5-epoxy-γ-tocopherolquinone, and 7,8-epoxy-γ-tocopherolquinone has been demonstrated and their antioxidant efficacy has been suggested [24] .
Concerning the type of tocopherol, it has been shown that α-tocopherol is less stable at high temperature than δ-tocopherol, while β-and γ-tocopherols degrade at an intermediate rate [23, [28] [29] [30] [31] . As a result, new sunflower lines have been developed to increase levels of γ-tocopherol and decrease the relative content of linolenic acid [32, 33] . In particular, a sunflower oil from a line of seeds characterized by increased levels of both palmitic acid and oleic acid and a modified tocopherol profile made up of γ-tocopherol (>95% of total tocopherols) has been found highly stable [34] .
With respect to tocotrienols, their action is still poorly known. In general, the stability of α-tocotrienol was found to be similar to that of α-tocopherol [35, 36] , while the order of stability of the different tocotrienol homologues was different from that of their tocopherol counterparts, being γ-tocotrienol the least stable [36] .
Analysis of tocopherols and tocotrienols is standardized [37] and approached in frying oils or oils extracted from fried products by direct normal-phase HPLC with fluorescence detector. The method allows separation of the individual tocopherols and tocotrienols (α, β, γ and δ). Calibration factors are determined for each tocopherol type using solutions of standard tocopherols while those for tocotrienols are taken to be equivalent to those of the corresponding tocopherols.
Polyphenols
The main group of polyphenols showing protective action during frying is present in virgin olive oil and mainly comprises hydroxytyrosol, tyrosol and their derivatives, and lignans [38] . The other two groups of polyphenols of reported antioxidant effect in frying are γ-oryzanol, i.e. sterol esters of ferulic acid, in bran rice oil [39] , and lignans, namely sesamol, sesaminol, sesamolin and others in sesame oil [40, 41] . Interestingly, studies analyzing the losses of tocopherols and polyphenols during frying report a high rate of degradation for hydroxytyrosol and its derivatives, a similar or lower rate for α-tocopherol and a low degradation rate for tyrosol, its derivatives and lignans [42] [43] [44] [45] [46] .
The rapid loss of hydroxytyrosol suggests a substrate-independent degradation as a more important reaction than its antioxidant effect. Hence, the effective protection found is probably more related to the group of less active antioxidants present, i.e., lignans and tyrosol and its derivatives, which remain longer at frying temperatures.
There have been few reports on the good frying performance of sesame and rice bran oil. Most of such studies, however, have shown a significant increase in the oil thermostability and a higher retention of natural tocopherols in blends of different oils with either sesame or rice bran oil [47] [48] [49] [50] [51] [52] . In sesame oil, neither sesamin for sesamolin have shown appreciable antioxidant activity, but the latter may be hydrolyzed during frying yielding sesamol and sesaminol, both showing high stability and synergic effect with tocopherols [53] .
Some ingredients based on extracts rich in polyphenols obtained from oils or their byproducts have been commercialized [54, 56] . Besides improving thermostability of oils during frying, addition of these natural products to oils is aimed at increasing the antioxidants intake [57] [58] [59] [60] [61] [62] [63] . Also, the addition of individual flavonoids, i.e., pelargonidin, cyanidin, quercetin and myrecetin, has been shown to be very effective in increasing oil thermostability [64] .
Numerous methods based on extraction and analysis by high-performance liquid chromatography are used for analysis of polyphenols, but none of them has been standardized [65] . In the last few years, the development of chromatographic columns packed with sub-2µm particles and the modern high resolution mass spectrometry (MS) have opened up new possibilities and emerged as an ideal tool for profiling complex samples due to its speed, efficiency, sensitivity and selectivity. Recently, Motilva and coworkers have addressed improvements achieved by the use of ultra-high performance liquid chromatography (UHPLC), coupled to MS or tandem MS (MS/MS) as the detector system, in an excellent review [66] . Additionally, the different strategies used to extract the polyphenolic fraction prior to chromatographic analysis were reviewed.
The extraction of polyphenols from oils is based on solid-phase extraction (Diol or C18 cartridges), the non-polar fraction of the oil is first removed with hexane and then the polyphenol fraction is eluted with methanol [67, 68] . In oils, C18 columns are used as stationary phase for UHPLC analysis.
Phytosterols
4-Desmethylsterols and 4-methylsterols with an ethylidene group in the side chain like ∆5-avenasterol, ∆7-avenasterol, fucosterol, vernosterol and citrostadienol as well as their esters have been found to contribute to delaying oil degradation at frying temperature [7, 69, 70] , but some authors have reported non-existent or slight effect [71] [72] [73] . They are normally referred as to antipolymerization agents even though they seem to act as antioxidants, i.e., through formation of allyl radicals in a primary carbon atom followed by isomerization to a relatively stable tertiary radical [70] .
Determination of phytosterols in oils is standardarized [74] and consists basically of gas chromatography analysis of the unsaponifiable fraction.
Squalene
Squalene is a highly unsaturated hydrocarbon with important health effects, present in large quantities in shark liver oil and in small amounts in olive oil and wheat germ oil.
Although there is rather scant information on squalene efficacy at frying temperatures, it seems to show only low or moderate effect [75, 76] .
The different methods used to analyze squalene have been recently reviewed [77] , including basically a preliminary treatment with KOH containing ethanol at 90°C for saponification, extraction of the unsaponifiable fraction with hexane, and HPLC analysis using C8 or C18 chromatographic columns, organic mobile phases based on acetonitrile/acetone mixtures, and UV detection. The authors strongly recommend addition of octadecylbenzene as an internal standard instead of squalene for external calibration.
Plant extracts
In the last decade, a significant number of studies focused on the positive effects of the addition of plant extracts, mainly herbs and spices, to frying oils have been published [12] , following the studies on their antioxidative properties at room temperature [78, 79] . The addition of plant extracts is directed not only to delay the oil deterioration by [28, [80] [81] [82] [83] [84] , tea [85] , sage [82, 86] , oregano [87, 88] , lavender and thyme [89] , summer savory [84] , carob fruit [90] , Curcuma [91] and others [92, 93] are some examples of the high number of reports on the subject.
In general, the action found is positive because the extracts contain potent antioxidants, which are detailed in an excellent review on the most important herbs and spices [78] .
However, the protective effect during frying is highly variable even for the same extract because of the inherent characteristics of natural products, joined to the complexity of the frying process. Unfortunately, the composition of an extract is often poorly defined and varies greatly depending on the plant variety, extraction method and concentration added. When studies include characterization of extracts, it is usually based on the analysis of polyphenols [65, 66] but the antioxidative action may also depend on the content and chemical structure of other minor compounds present exerting a prooxidant or antioxidative action.
Synthetic antioxidants
Dimethylpolysiloxane
Dimethylpolysiloxane (DMPS) is the most important additive in frying (coded as E900), normally added at very low concentrations (1-2 mg/kg). The first studies showed that DMPS acted as an antioxidant when samples were thermostatically heated in a fryer, as they deteriorated slower than the control without the additive. The reverse was found when the oils were heated at the same temperature in an oven [94] . In the study of Freeman et al. [95] , experiments were carried out by heating the samples on a hot plate or in a fryer and a tremendous enhancement of oil thermostability was obtained after addition of DMPS. The minimum amount which exerted a protective action corresponded to that forming a monolayer on the oil surface, as stated by decreasing the amount of DMPS until its action disappeared. The authors hypothesized different possibilities for the precise mechanisms of action of this monolayer. The monolayer may form a barrier preventing the entrance of air or, more probably, the oxidation takes place at the oil -air interface and DMPS provides a relatively inert surface. Alternatively, it was proposed that DMPS may inhibit the convention currents in the surface thus impeding the entrance of oxygen.
Further studies were focused on the influence of DMPS addition and the main variables in frying, i.e. temperature, length of time, surface-to-oil volume ratio and type of heating. The statistical analysis indicated the strong interaction between the presence of DMPS and the type of heating and the influence of the surface-to-volume ratio [17] . Later experiments were carried out on discontinuous and continuous laboratory frying [18] , as well as in industrial continuous frying [96] , which confirmed the results under practical conditions. Figure 2 illustrates the great differences of DMPS effectiveness between discontinuous (A) and industrial continuous (B) frying of potatoes in two sunflower oils of different degree of unsaturation, i.e. high-oleic and high-linoleic sunflower oils. Results obtained for polar compounds showed that DMPS was highly effective in discontinuous frying, supporting that oil degradation occurred mainly when the food was not present and the surface was unprotected from the penetration of oxygen. Quite in contrast, DMPS exerted no appreciable protective action in simulated continuous frying. Hence addition of DMPS would not be necessary in industrial frying since the oil surface is disturbed, but well protected by steam water from the fried food. On the contrary, addition of DMPS was highly positive in discontinuous frying being specifically active during the period in which the oil is not protected by steam water from the fried food. Therefore, DMPS is recommended in fried food establishments where the oil in the fryer usually remain at elevated temperatures during significant periods of times without food, i.e. catering services, fast-food outlets, restaurants and others [97] .
According to AOCS methods, analysis of DMPS in oils is carried out by a direct aspiration, flame atomic absorption method [98] .
Ascorbyl palmitate
Ascorbyl palmitate is a lipophilic derivative of ascorbic acid that acts mainly as an oxygen quencher and a reducing agent or heavy metal ions. The effect of ascorbyl palmitate at frying temperatures is not clear. When used as an additive (coded E304), no significant effect was found in some studies [99, 100] while, in others, a delay in the formation of degradation compounds [80, [101] [102] [103] and increased stability of tocopherols [80] have been reported.
Ascorbyl palmitate is normally extracted from oils with methanol and analyzed by HPLC [104] , but the main drawback is its stabilization during separation. Perrin and Meyer proposed a procedure under conditions preventing the degradation of ascorbyl palmitate, through the use of citric acid in combination with isoascorbic acid for its stabilization in standard and sample solutions and for inactivation of oxidizing agents in the HPLC system [105] .
Synthetic phenolic antioxidants
Butylated hydroxyanisol (BHA), butylated hydroxytoluene (BHT), propyl gallate (PG), and tertiary butyl hydroquinone (TBHQ) have been traditionally added to fats and oils to extend effectively their shelf life, but their effectiveness at frying temperatures is lower due to their rapid volatilization and decomposition. BHT and TBHQ have shown the highest volatility, while PG was the least volatile at frying temperatures. With regard to their comparative stability against thermal oxidation the order found was BHT > PG > BHA > TBHQ [106] . The decomposition products were also studied and mainly dimeric compounds were found from BHA and BHT. From TBHQ, tertiary butyl benzoquinone (TBBQ) was detected as the major degradation product along with many dimeric compounds with ether linkages, some of them with residual antioxidant activity.
TBHQ has been reported to be more effective than BHA and BHT [80, 107] .
Interestingly, in the study testing the effect of BHT, BHA, PG and TBHQ and their binary and tertiary mixtures with synergists and tocopherols, it was found that the interaction between antioxidants at high temperature could lead to a negative or positive synergism. Also, as already remarked in this review, the protection conferred by antioxidants was quite different at frying and at low temperatures [107] . Novel antioxidants derived from TBHQ but with higher solubility, i.e., lauryl TBHQ and lauryl TBBQ, have been found to exert stronger antioxidant activity than TBHQ at temperatures higher than 140 ºC [108] .
In Europe, the use of BHA, BHT, TBHQ, propyl gallate, octyl gallate and docedyl gallate as additives is regulated [13] , and their codes are E320, E321, E310, E311 and E312, respectively. BHA is permitted in oils and fats individually or combined with propyl gallate, octyl gallate, dodecyl gallate and TBHQ.
BHA, BHT, TBHQ and gallates are determined routinely after double extraction with methanol followed by HPLC analysis according to official methods [109] [110] [111] .
Recoveries higher than 90% are obtained for all antioxidants except for BHT (86-90%).
Citric acid-based antioxidant
Citric acid lacks effect during frying because it volatilizes at temperatures above 150 ºC [81] . However, an additive prepared with citric acid with potassium sulphate and aluminum silicate as adyuvants has been found effective in frying [112, 113] . It is formulated using energy potential technology, which modulates active energy charges and the electron transport chain to boost citric acid's antioxidant properties without thermal or chemical treatment.
Evaluation of antioxidant efficacy in frying
Antioxidants efficacy is widely measured in foods, plant extracts and biological samples through several methods using radical generating systems, such as the DPPH, TEAC or ABTS, TRAP or ORAC assays [8] . In oils, testing the action of antioxidants requires design of assays under shelf-life conditions or under accelerated conditions by means of increasing temperature and/or air availability. The Oil Stability Index is a standard method normally used to determine the oxidative susceptibility of oils and antioxidant efficacy at 100ºC with bubbling air [114] .
Testing the action of antioxidants during frying, which differs greatly from that shown at shelf-life or moderate temperatures, is approached by simulating the real conditions of frying in the absence or presence of food.
In the absence of food, application of standard conditions is essential to make comparable the results obtained for antioxidant efficiency. This mainly involves definition of temperature, length of time and surface-to-volume ratio. Also, selection of standard methods of proved validity to determine the main degradation compounds formed in frying, i.e., polar compounds and polymer determinations [9] is crucial. Still, highly variable values are often obtained in thermoxidation experiments, depending on the conditions applied [17] .
In real deep-frying operations, there are important differences between industrial, continuous frying, and discontinuous frying. In the former, protection of the surface by the food, always present in the fryer, and replenishment of food-absorbed oil with unused oil contribute to maintaining the oil quality. However, discontinuous frying is characterized by heating-cooling cycles, between which the oil remains at high temperature without being protected by the food, and oil replenishment is normally not applied. The latter process leads to the highest levels of oil degradation in used frying oils and fried foods [115] and is normally simulated by tedious experiments consisting of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] th frying operations using potatoes, with around 30 min-intervals between frying operations.
A standard procedure was proposed to evaluate the performance of fats and oils and antioxidant efficiency at frying temperatures using the heating block of a Rancimat and the standard Rancimat vessels. Temperature homogeneity in all vessels in the heating block is readily attained. This procedure simulates the usual conditions of the main variables of the discontinuous frying process, namely, temperature, surface-to-oil volume ratio and presence of air [116] . The values used for the variables were carefully selected: 180ºC, the temperature most representative of the frying procedure; length of heating decided as to achieve polar compounds or polymers levels close to those normally found, setting the maximum alteration levels according to limitations established [5] ; complete introduction of the sample in the heating block to ensure homogeneous heating,; and sample amount (8 g) as to achieve a surface-to-oil volume ratio (0.4 cm -1 ) similar to that found in small domestic fryers [18] . Table 1 lists some results obtained for HLSO and HOSO with similar tocopherol contents after 6 h laboratory discontinuous frying of potatoes [18] and thermoxidation in a Rancimat following the proposed method for simulated frying [116] . Also, values obtained recently for virgin olive oil and virgin avocado oil following the same procedures have been included (unpublished data). Repeatability was very good as the evaluation of samples in triplicate gave coefficients of variation <5% for polymers and <6% for polar compounds. Results were very similar after 10-h simulated frying in Rancimat and 6-h total frying time in discontinuous frying, and showed higher values for HLSO and AO as compared to HOSO and OO. OSI value was clearly not indicative of behavior of oils in frying since, for example, OO had five-fold higher stability than HOSO.
Other procedure later proposed to evaluate frying performance of oils consisted in heating 20 g of sample supplemented with 1 g of silica gel containing 10% water in a standard vessel at 170 °C for 2 h. After quantification of polymers, results are expressed as 100/polymer (%).The method was applied to different oils and a good correlation with sensory data was found [117] . Figure 1 . Formation of polymers (solid lines) and loss of tocopherols (dotted lines) in high-linoleic sunflower oil (filled squares), high-oleic sunflower oil (filled triangles), tocopherol-stripped high-linoleic sunflower oil (void squares) and tocopherol-stripped high-oleic sunflower oil (void triangles) heated at 180°C. Figure 2 . Formation of polar compounds in high-linoleic sunflower oil (HLSO) and high-oleic sunflower oil (HOSO) with or without DMPS during discontinuous (A) and continuous frying (B) at 180°C. 
